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Introduction
In recent years, attention has been paid to materials possessing two or more of the following ferroic properties: ferroelasticity; ferroelectricity and (anti)ferromagnetism, a class of materials now referred to as multiferroics. Due to their potential technological applications in modern electronic devices, such as memory elements, sensors, and spintronics, they have become the subject of intense research 1 . Rich in properties and functionality, bismuth ferrite (BiFeO3, BFO) has been studied more extensively than any other multiferroic, being hailed the most promising lead-free single phase multiferroic candidate for devices due to its intrinsic multiferroic nature above room temperature 2 . However, its compositional instability, often resulting in variation in functional properties is a major obstacle to full practical utilization 2 .
Early studies, dating back to the 1960's, pointed out the difficulties in the preparation of BFO free from non-perovskite, parasitic phases 3 . Moreover, BFO exhibits high electrical conductivity, creating difficulties in applying large electric fields 4 . This high electrical conductivity is mainly attributed to the presence the Bi-rich sillenite type, Bi25FeO39 (or Bi25FeO40) phase and the Fe-rich mullite-type, Bi2Fe4O9, and to defects in the crystal structure, such as oxygen vacancies originating from the reduction of Fe 3+ to Fe 2+ 5 . Preparation of monophasic BiFeO3 is extremely difficult due to the thermodynamics and kinetics of Bi2O3-Fe2O3 system. Based on studies by Selbach et al. 6 , Bi25FeO39 and Bi2Fe4O9 phases are slightly more stable thermodynamically than BiFeO3 in the temperature range 447 -767°C. During the solid state reaction between Bi2O3 and Fe2O3, Bi25FeO39 forms at the shell whereas a Bi2Fe4O9 is formed at the reaction/diffusion front towards the iron oxide core. Once crystallized, Bi2Fe4O9 is stable and consequently, the reaction is arrested so that BFO coexists with small amounts of Bi25FeO39 and Bi2Fe4O9
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. Furthermore, sublimation or evaporation of volatile Bi2O3 at elevated temperatures may also result in Bi2Fe4O9 formation 8 .
In contrast to bulk materials described above, the crystallization pathway to form thin films of BFO is quite different. BFO [12] [13] [14] . This broad spectrum of possible secondary phases in BFO thin films, sometimes difficult to detect by X-ray diffraction, due to their small particle size and volume fraction, determines the reproducibility of the electrical response.
The electrical properties of ferroelectric capacitors are not only affected by the intrinsic nature of the ferroelectric films but also by the electrodes due to differences in chemical nature, lattice parameter, work function and surface roughness 15 . The bottom electrode also serves as a template for growth and promotes phase stability 15 . Bottom electrodes for ferroelectric thin films can be either metal or oxide-based. The former group includes: platinum; iridium; ruthenium and copper, most commonly used due to their chemical and thermal stability. The latter group includes the rutile-type iridium (IrO2) and ruthenium oxides (RuO2) and perovskite-structured oxides, such as strontium ruthenate (SrRuO3, SRO) and lanthanum nickelate (LaNiO3, LNO).
Among them, IrO2 is easily and reproducibly deposited on Si substrates on a large scale at low cost 16 . Generally, Pt is used as a bottom and top electrode for thin film ferroelectric capacitors due to its high electrical conductivity, good stability at high temperatures and high Schottky barrier which lowers leakage current 15 whereas SRO, IrO2, RuO2 and LNO have been reported to offer lattice matching, structural and chemical compatibility, a high diffusion barrier for oxygen, phase stability at high temperatures, and superior fatigue properties over Pt electrodes 17 .
It is believed that oxygen vacancies in PZT thin films can easily be filled with oxygen from the oxide-based electrodes, resulting in a reduction in their build up at interfaces 17, 18 23 . The reduction of electrical conductivity in BFO films prepared by CSD was also suggested to originate from the absence of parasitic phases and better quality of film/electrode interface, due to the use of LNO as bottom electrode but no preferred orientation was reported 24 . Although, oxide electrodes such as LNO have been shown to improve crystallinity and chemical homogeneity of BFO, reduce the crystallization temperature and induce texture and improve film/electrode interfaces in BFO thins films, the microstructure and phase formation have not been addressed.
In this paper, we use annular dark field (ADF) scanning transmission electron microscopy (STEM), high resolution TEM, energy dispersive X-ray spectroscopy (EDX) complemented by grazing incident XRD to identify the crystallization pathway and microstructure of BFO films prepared by a chemical solution deposition route on Pt/TiO2/SiO2/(100)Si, LNO/Pt/TiO2/SiO2/(100)Si and IrO2/TiO2/SiO2/(100)Si electrodes.
Experimental Section
Lanthanum nitrate hexahydrate (La(NO3)3 · 6H2O, Merck, 99%) and nickel (II) nitrate hexahydrate (Ni(NO3)2 · 6H2O, Fluka, 98.5%) were dissolved in 5 ml of deionized water, and mixed in the stoichiometric ratio of La:Ni=1:1. To improve the solution wettability and avoid film cracking during heating, 1 ml of formamide (Merck, 99.5%) was used. Finally, ethanol absolute (Merck, 99.8%) was added until the resultant concentration of LNO solution was diluted to 0.2 M. The LNO films were deposited by spin-coating (KW-4A Spin Coater) the solution on Pt/TiO2/SiO2/Si substrates at 2500 rpm for 45 s and annealed by rapid thermal processing (Qualifllow JetFirst 100) at 700 °C for 5 min in O2 atmosphere.
BFO precursor solutions were prepared using bismuth nitrate (Bi(NO3)3•5H2O, Sigma Aldrich, 99.99%) and iron acetylacetonate (Fe(CH3COCHCOCH3)3, ABCR, 99%). Acetic acid (C2H4O2 -AcOH, Merck, 100%) and 1,3 propanediol (C3H8O2, Aldrich, 98%) were used as solvents 25 .
Bismuth nitrate and iron acetylacetonate were dissolved in a mixture of glacial acetic acid and Deposition, drying and annealing was repeated 10 times to fabricate films with the desired thicknesses.
A grazing incidence (2°) X-ray diffraction (XRD, GIXRD, PANalytical X'Pert Pro diffractometer, Cu-K radiation, 45 kV and 40 mA, 10° to 50° 2 , step size 0.025°;) was used to assess the phase assemblage and crystal structure. Residual stress analysis was carried out by XRD using sin2 method 26 which is based shifts in the diffraction angle ( ) due to changes in the inter-planar spacing, d. A number of XRD traces were made at different Psi ( ) tilts.
Interplanar spacing is plotted in a d vs sin2 plot. Assuming a zero stress at d = dn, where d is the y-intercept, stress is given by:
where m is the gradient of the d vs sin2 plot. The stress value for each film is obtained by substituting E = 133 GPa and = 0.25 27 . Using this method, we assume the films are isotropic, and stresses normal to the substrate are zero. 6 The microstructure of the thin films was observed at low resolution using an Hitachi SU-70 scanning electron microscope (SEM). Specimens for TEM were prepared by a gallium focused ion beam (FIB) using Helios 450S (FEI). Bright-field (BF) and dark-field (DF) TEM images were taken using a JEOL, 2200FS electron microscope at 200 kV. High-resolution (HR) TEM and ADF micrographs were obtained on Titan 200 kV ChemiStem (FEI). Energy dispersive Xray (EDX) spectroscopy was perform using the Oxford INCA Energy TEM 250 spectrometer.
Results and discussion nucleation barrier while deposited on LNO comparing to Pt and IrO2 due to the same crystal structure and small lattice mismatch, ~3 %. In such case, the large density of formed nuclei leads to a development of smaller grain size. In the case of BFO/Pt and BFO/IrO2 much fewer nuclei are formed, thus they grow into much larger grains. The columnar grains extend through the entire film thickness which indicates layer-by-layer homoepitaxy for BFO growth within a grain 31 . As discussed in the literature, crystallization of solution-based films is characterized by competition between bulk nucleation within the amorphous matrix, and heterogeneous nucleation at the interfaces 31 . Columnar grain growth in thin films can only be achieved if interface nucleation is favoured over bulk nucleation 31 . Low solution concentration and the thermal treatment conditions at which each layer is crystallized before the next layer is deposited, promotes interfacial nucleation and columnar grain growth. For SrTiO3 and BaTiO3 films, depositing thin layers (10-20 nm) and annealing induces nucleation at the interfaces between the layers and encourages local epitaxial growth 32 . In this study, 10 layers were spin coated onto the substrates, dried and annealed at 500 °C, leading to columnar grain growth with layer thicknesses of 12-18 nm, as deduced from TEM images in Figure 3 .
In addition to the individual layers, Figure 3 In contrast, high resolution images of the grain interior (Figure 6a ) illustrate that the small inclusions are fully coherent with the matrix, despite being Fe rich according to the contrast within ADF images, Figure 4 . Their location, primarily at the layer interfaces, suggests that their occurrence relates to Bi loss at the surface of each individual layer, the mechanism for which is illustrated in Figure 6b . The high surface/volume ratio of thin films make them prone to Bi loss.
In layer by layer deposition used in this study, the perovskite crystals in lower are nucleation sites for those in upper layers and grains transmit their orientation, leading to columnar growth.
The precipitates do not disrupt this epitaxial nucleation process, consistent with the notion that they are fully coherent. The effect that the bottom electrode has on residual stress in BFO films was also addressed. In a film, the total residual stress consists of: i) intrinsic stress induced by the formation of the grain boundaries during the crystal grain growth; ii) thermal stress due to the difference between thermal expansion coefficients of the film and the substrate and iii) extrinsic stress that originates
from the lattice parameter mismatch 37 . The average residual stresses calculated by XRD sin 2 method are 0.72, 0.49 and 0.77 GPa for BFO/Pt, BFO/LNO and BFO/IrO2, respectively, as presented in Figure 8 . The stresses are tensile in all cases. Thermal stress and extrinsic stress are strongly related to the parameters listed in the embedded table in Figure 8 . Based on the difference in thermal expansion coefficient between BFO and Si, tensile thermal stress in BFO films is expected, although the effect of bottom electrode (Pt, IrO2, LNO) on BFO residual stress cannot be ignored. On the other hand, the lattice parameter mismatch is the smallest between BFO and Pt however only BFO and LNO holds the same crystallographic structure (rhombohedral perovskite) that can be responsible for the lowered residual stress in BFO/LNO.
Moreover, grain growth can substantially contribute to tensile stresses in a constrained film through elimination of the excess volume associated with grain boundaries and grain size has a dominant impact on the residual stress 38, 39 . Indeed, in our BFO thin films residual stress decreases with decreasing grain size. The highest residual stress was observed for BFO/IrO2 film which has the largest grain size. In contrast, the stress state in BFO/LNO is lowered due a smaller lateral grain size. All peaks associated with BFO/IrO2 and BFO/LNO may be attributed either to the electrode or a BFO perovskite phase whereas BFO/Pt also exhibits a weak, broad peak attributed to Bi2Fe4O9(*). . Schematic illustrating the average residual stresses calculated by XRD sin2 method for BFO films on distinct electrodes. The lattice and thermal expansion coefficient of the BFO and bottom electrode materials were listed [40] [41] [42] . The stresses are tensile in all cases. The highest residual stress was observed for BFO/IrO2 and the lowest in BFO/LNO thin films. Figure 9 . Dark-field image of a columnar grain in the BFO film on LNO. Local epitaxial growth of BFO on LNO was observed.
